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Abstract 


The  Army  Research  Laboratory  (ARL)  has  performed  ferroelectric  charac¬ 
terization  testing  of  thin  film  ferroelectric  samples  provided  by  Raytheon 
TI  Systems  (RTIS)  for  the  DARPA  (Defense  Advanced  Research  Projects 
Agency)  uncooled  detector  materials  program.  The  samples  measured  at 
ARL,  produced  by  the  metal-organic  decomposition  (MOD)  method, 
have  hysteresis  loop  characteristics,  remanant  polarization,  and  dielectric 
constant  and  resistivity  values  commensurate  with  measurements  made 
at  RTIS.  RTIS  projections  show  that  Ca-  and  Sn-doped  samples  should 
achieve  a  projected  noise  equivalent  temperature  difference  (NETD)  of 
13.8  mK  with  48.5-|J,m  pixels  and  26.5  mK  with  50-|i,m  pixels, 
respectively. 
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1.  Introduction 


The  Army  Research  Laboratory  (ARL)  has  performed  ferroelectric  charac¬ 
terization  testing  of  thin  film  ferroelectric  samples  provided  by  Raytheon 
n  Systems  (RTIS).  ARL  has  endeavored  to  create  state-of-the-art  ferro¬ 
electric  testing  facilities  in-house  in  order  to  provide  an  independent 
system  of  verification  of  the  ferroelectric  thin  film  materials  produced 
vmder  a  contract  with  RTIS.  Specifically  described  here  are  hysteresis  loop 
measurements  made  at  ARL.  Remanant  polarization,  dielectric  constant, 
and  resistivity  data  are  derived  from  the  hysteresis  loop  data. 


2.  Sample  Fabrication 


Figure  1.  Room 
temperature  PLZT 
phase  diagram. 


The  samples  sent  by  RTIS  were  a  part  of  a  study  to  determine  the  effects 
of  lead  nonstoichiometry  and  electrode  configuration  on  the  ferroelectric 
characteristics  of  the  films.  The  composition  of  the  lead  lanthanum  zirco¬ 
nium  titanate  (PLZT)  films  in  all  cases  was  (3/30/70),  meaning  the  mole 
fraction  was  0.03  for  lanthanum,  0.3  for  zirconium,  and  0.7  for  titanium. 
The  lead  concentration  was  enhanced  in  each  case  by  10  mol  %  to  com¬ 
pensate  for  lead  loss  during  annealing.  Figure  1  shows  a  phase  diagram 
showing  the  various  ferroelectric,  antiferroelectric,  and  paraelectric 
phases  with  respect  to  composition.  The  dot  at  3  mol  %  La,  30  mol  %  Zr, 
and  70  mol  %  Ti  is  within  the  tetragonal  ferroelectric  phase  region  of  the 
phase  diagram. 


HT  =  high  temperature 
LT  =  low  temperature 
Rh  =  rhombohedral 
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The  samples  were  made  by  the  metal-organic  decomposition  (MOD) 
method,  which  has  proven  to  be  a  very  economical  and  efficient  method 
of  producing  high-quality  thin  films  of  ferroelectric  materials.  MOD 
involves  the  deposition  on  a  rotating  substrate  of  a  solution  of  the  various 
component  ions  of  the  material.  T5qjically,  acetates  or  acetate  derivatives 
of  the  metal  ions  are  dissolved  in  an  aqueous  or  alcohol  solution  in  the 
correct  stoichiometric  proportions.  The  solution  is  dispensed  onto  a 
substrate  rotating  at  several  thousand  revolutions  per  minute.  Upon 
contact,  the  solution  evaporates,  leaving  an  amorphous  film  of  the  ac¬ 
etates.  P)nrolyzing  at  several  hundred  degrees  Celsius  removes  most  of 
the  organic  residue.  Calcining  at  higher  temperatures  oxidizes  away  the 
residual  carbon  and  crystallizes  the  ferroelectric  in  the  perovskite  phase. 

All  the  samples  produced  under  this  contract  were  annealed  in  a  rapid 
thermal  annealer  (RTA).  The  principal  differences  in  these  particular 
samples  are  in  the  ferroelectric  film  thickness,  the  lead  stoichiometry,  and 
the  top/bottom  electrode  thickness  (and  manner  of  deposition).  The 
samples  were  provided  with  a  bottom  contact  and  with  square  top  con¬ 
tact  pads  of  varying  sizes,  from  0.25  mm  on  a  side  to  1.0  mm  on  a  side 
(fig- 2). 


Figure  2.  Film 
structure  of  MOD 
deposited  capacitors. 
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3.  Hysteresis  Loop  and  Loss  Tangent  Measurements 

We  performed  the  hysteresis  loop  measurements  with  a  Radiant  Tech¬ 
nologies  RT-66A  ferroelectric  measurement  system.  We  used  a  Wentworth 
probe  station  equipped  with  a  stereo  microscope  to  make  electrical 
contact  to  the  sample.  The  data  were  acquired  with  the  software  supplied 
with  the  RT-66A  on  a  standard  386  PC.  The  RT-66A  system  is  capable  of 
applying  up  to  40  V  peak-to-peak  voltage  to  the  sample.  The  RT-66A 
provides  complete  sample  information  such  as  Pg  (saturation  polariza¬ 
tion,  |lC/cm^),  (remanant  polarization,  |iC/ cm^),  (coercive  field,  V), 

(relative  dielectric  constant),  and  Ry  (resistivity,  Q.  cm).  The  loss  tangent 
data  were  obtained  as  a  function  of  frequency  from  100  Hz  to  1  MHz  by  a 
Hewlett-Packard  HP4194A  impedance  analyzer.  RTIS  did  not  specify  at 
what  frequency  their  tan  5  measurements  were  taken;  however,  at  100  Hz, 
tan  5  is  at  a  minimum  in  all  cases  observed,  so  all  ARL  measurements 
were  made  at  100  Hz.  Although  the  measurements  are  not  a  complete  or 
definitive  diagnostic  of  ferroelectric  thin  film  performance,  they  provide  a 
needed  guidepost  to  gauge  progress  in  thin  film  ferroelectric  develop¬ 
ment.  Table  1  summarizes  both  the  RTIS  data  and  the  ARL  data.  Table  2 
summarizes  the  film  structure  and  annealing  treatments  (where  available) 
of  each  film. 


Table  1.  Summary  of  - 

hysteresis  loop  Sample  Pg  P^.  Ry 

measurements.  Data  ID  tan  6  (gC/ cm^)  (gC/ cm )  (V)  (£1  cm) 


RTIS 

161 

490 

0.04 

34 

11 

2.3-3 

lOiO-lO" 

ARL 

161 

341 

0.05 

34.6 

8.6 

3.3 

1.7x10*'’ 

RTIS 

163 

530 

0.013 

25-34 

11-15 

4.7 

lO'O-lO” 

ARL 

163 

202 

0.016 

31.0 

11.0 

4.3 

5.1  X  10** 

RUS 

170 

320 

0.013 

26 

11 

4.5 

10*“ 

ARL 

170 

200 

0.026 

17.1 

1.99 

0.4 

3.1  X 10** 

ARL 

170 

268 

— 

6.1 

5.1 

-8.0 

1.1  X  10*2 

RTIS 

164 

410 

0.030 

19-28 

6-10 

3.7 

10“-10** 

ARL 

164 

403 

0.010 

26.1 

14.1 

1.4 

1.6  X 10“ 

ARL 

RTIS 

030  1013  0.026 

results  not  available 

27.4 

7.8 

5.7 

1.5  X  10** 

ARL 

RTIS 

280  859  0.028 

results  not  available 

24.2 

5.1 

2.5 

1.3  X  10« 

ARL 

RTIS 

137  404  0.029 

results  not  available 

33.1 

9.6 

4.3 

4.1  X  10*“ 
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Table  2.  Summary  of 
film  structure  and 
treatment 

Sample 

ID 

Film 

thickness  (A) 

Ti/Pt  bottom 
electrode 

Top 

electrode 

Anneal 

schedule 

161 

1500 

CRL 

Pt  (Hum) 

600/10  s 

163 

1500 

CRL 

ri/Pt(Hum)  600/10  s 

164 

1500 

CRL 

Ti/Pt  (Tern) 

600/10  s 

170 

3000 

Tern 

Pt  (Hum) 

600/30  s 

Tern  =  Temescal  deposition  unit 

CRL  =  RTIS  Corporate  Research  Laboratory  deposition  facility 
Hum  =  Hummer  sputter  deposition  unit 


4.  Test  Results 

The  ARL  data  represent  data  taken  on  a  single  pad,  or  in  the  case  of 
sample  170,  two  pads  on  the  same  sample.  The  ARL  data  closely  track  the 
RTIS  data  except  for  the  relative  dielectric  constant  Ej.,  for  which  we 
consistently  found  lower  measurements.  We  believe  that  sample  170  was 
thermally  compromised  before  it  was  sent  to  ARL,  which  would  explain 
the  dielectric  anomalies  observed  and  its  crazed  appearance. 

Several  anomalies  appear  in  the  hysteresis  loop  data  as  well.  For  example, 
in  sample  163  the  hysteresis  loop  is  discontinuous,  as  it  is  with  samples 
170, 164, 280,  and  137.  In  samples  163, 164, 280, 137,  and  PBT-20  (fig.  3),  it 
appears  that  there  are  two  values  for  the  remanant  polarization  on  the 
negative  part  of  the  loop.  This  phenomenon,  known  as  imprinting,  results 
when  the  film  has  a  preferred  polarization  at  zero  applied  field.  Most 
likely,  imprinting  is  due  to  ferroelectric  domains  that  are  "pinned^'  in  the 
film  because  of  strain  induced  during  deposition  and  annealing.  One  pad 
of  sample  170  exhibits  even  more  unusual  behavior.  The  loop  is  decidedly 
asymmetric,  yielding  a  that  is  negative  (fig.  4),  possibly  due  to  thermal 
damage.  The  other  pad  of  sample  170  investigated  yields  a  curve  that  is 
generally  symmetric,  but  the  shape  resembles  that  of  an  antiferroelectric 
material,  with  two  almost  separate  loops  seen  in  the  positive  and  negative 
quadrants.  The  behavior  of  sample  161  appears  normal  in  most  respects, 
except  that  almost  40  V  of  peak-to-peak  voltage  is  required  to  obtain  the 
hysteresis  loop.  This  voltage  seems  excessive  compared  to  those  required 
for  other  films  ^own  at  other  facilities.  For  example,  sample  PZT 
102491B-1,  a  thin  film  of  lead  zirconium  titanate  (PZT)  shown  in  figure  5, 
exhibits  the  expected  behavior  of  a  thin  film  ferroelectric  material.  This 
film  exhibits  symmetric  behavior  and  saturates  at  only  20  V  peak-to-peak. 
A  "typical"  RTIS  hysteresis  loop  is  shown  in  figure  6.  As  reported  by 
RTIS,  the  only  difference  in  the  supplied  samples  lies  in  the  electrode 
systems  and  the  heating  schedule  used  to  anneal  the  film  It  would 
appear  that  the  heating  schedule  used  to  anneal  sample  170  has  thermally 
damaged  the  film.  In  addition,  the  relatively  flat  tan  d  versus  frequency 
performance  of  this  film  from  100  Hz  to  1  MHz  suggests  that  it  is  behav- 
ing  more  like  a  lossy  dielectric  than  a  ferroelectric  material. 
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Figure  3,  Hysteresis 
loop  of  RTIS  sample 
PBT-20  with 
imprinting. 


Hysteresis 


Figure  4.  Hysteresis 
loop  of  RTIS  sample 
FET 170  showing 
effect  of  thermal 
damage. 


CHARGE  2.1 

Hysteresis 

X  div  = 

4.975 

Ydiu  = 

4.0247 

Offset  = 

-3.615 

uC/cn2 


RT-e6ftl  5/8/1997  10:05 


Uirtual  Ground  node 


Hysteresis 


Sarole:  FET170 _  M 

Area(cH)=i.0()E-02  Thicktu)  = 

Pulse  =  2.0000 Hs  Hyst  =  331.000  ns  Resii 


Connents:  Texas  Instrunents  sanple  I  FET170 


Holts 

-- 

Vhax  = 

2.0124E401 

VHin  = 

-2.0124Et01 

Xnax  = 

2.4875E+01 

Xnin  = 

-2.4875E+01J 

imm. 

jx=  19. 

.000  ns 

Resist  = 

246.154  ns 

Figure  5.  "Ideal" 
hysteresis  loop  of 
ARL  sample. 


Figure  6.  Hysteresis 
loop  of  typical  RTIS 
sample  (sample  FET 
161). 
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Hysteresis 

uC/ai2  ■ 

Xdiv  =  2.500 

Ydiv  =  3.1994 

Offset  =  6.994  /- 

Uirtual  Ground  Hode 

. 

/ 

.  1 

+Ps  =  12.695 
4Pr  =  8.295 
-Pr  =  -8.851 
4Uc=  1.453 
-Uc  =  -1.268 

Pulse 

_i  _  1  II  1 

P*  =  18.754 

[  1  1  1 

Uolts 

Yliax=  1.5997Et01 
Vhin  =  -1.5997E+01 

L  XHax=  1.2500E401 

P»r  =  14.573 
P*  =  5.569 
P*r  =  1.257 
C(nF)=  14.7424 
Kef  =  636 

Resistivity 

Samle;  PZT102491B-1 

Xnin  =  -1.2500Et01 
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wl 
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Connents:  ' 

CHARGE  2.1  Wml  5/8/1997  9:13 

Hysteresis 

Hysteresis 

uC/ai2  ' 

Xdiv  =  4.975 

Ydiv  =  8.6697 

Offset  =  9.658 

•1 

Uirtual  Ground  Node 

/  / 

/ 

f 

+Ps  =  -..  34.615 
+Pr=  8.638 
-Pr  =  -9.753 
tUc  =  3.288 
-Uc  =  -2.252 

Pulse 

P»  =  39.970 

P*r  =  17.435 

P''  =  29.834 

P'^r  =  7.140 

C(rf)=  7.2508 
Kef  =  341 

/ 

/  ; 

"  Uolts 

\liax=  4.3349E+01 
VHin  =  -4.3349E+01 

L  Xnax=  2.4875E+01 

Resistivity 

Sanple:  FET161  Khin  =  -2.4875E+01 

Areatcn)  =3.605-03  Thick(u)  =  0.150  Unax  =  19.900  IPts  =300 

Pulse  =  2.0000 ns  Hyst  =  331.000  ns  Resist  =  246.154  ns 

Coiwents:  Texas  Instrunents  sanple  I  FET 161 
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The  very  low  resistivities  of  samples  164  and  280  most  certainly  lie  in  the 
large  excess  of  lead  in  these  samples.  Both  of  these  samples  had  concen¬ 
trations  of  lead  20  percent  above  stoichiometry.  All  the  rest  had  10-percent 
excess  lead  above  stoichiometry.  Clearly,  20-percent  excess  lead  has  a 
deleterious  effect  on  film  performance,  where  10-percent  excess  )delds 
films  with  good  properties.  Films  164  and  280  also  yielded  hysteresis 
loops  that  saturated  at  more  typical  voltages  (20  to  24  V  peak-to-peak), 
rather  than  the  40  V  peak-to-peak  observed  in  the  other  samples.  Some  of 
the  pads  on  both  these  samples  leaked  current  so  badly  that  they  were 
visibly  damaged  by  the  current  passing  through  them. 

RTIS  has  also  experimented  with  more  complex  substituted  PLZT  sys¬ 
tems.  Substitutions  of  Ca  or  Ba  in  the  A-site  in  the  perovskite  structure,  in 
place  of  Pb,  result  in  marked  improvements  in  material  performance. 
Likewise,  substitution  of  Sn  in  the  B-site,  in  place  of  Ti,  also  results  in 
further  improved  performance.  A  typical  hysteresis  loop  of  one  of  these 
films  is  shown  in  figure  7.  Substantial  decreases  in  the  dissipation  factor 
and  the  dielectric  constant  have  been  observed  when  Ba  or  Ca  is  substi¬ 
tuted  in  the  A-site  (table  3).  Increasing  Ba  from  10  to  20  mol  %  results  in  a 
decrease  in  from  140  to  110,  and  tan  5  decreases  from  0.016  to  0.010. 
Substitution  of  Ca  in  the  A-site  lowered  from  89  to  80  and  tan  6  actually 
increased  somewhat  from  0.007  to  0.026.  Double  substitution  of  Ca  in  site 
A  and  Sn  in  site  B  allows  for  even  greater  improvement  in  the  properties. 
A  10%Ca/10%Sn  substitution  maintained  a  low  e^of  79  and  a  tan  S  of 
about  0.012.  However,  there  was  a  marked  improvement  in  the  pyroelec¬ 
tric  coefficient  p  up  to  about  24  nC/cm^-K.  This  corresponds  to  a  noise 
equivalent  temperature  difference  (NETD)  of  about  15  mK  for  a  48.5-|im 
pixel  and  28.6  mK  for  a  25-jim  pixel.  A  20%Ca/10%Sn  substitution  also 
maintains  and  tan  5  at  103  and  0.009,  respectively,  corresponding  to  an 
NETD  of  13.8  mK  for  a  48.5-gm  pixel  and  26.5  mK  for  a  25-|xm  pixel. 

We  also  investigated  the  effect  of  multiple  cycles  on  the  shape  of  the 
hysteresis  loop  and  the  dielectric  measurements  obtained.  Measurements 
taken  at  9  V  yielded  the  smaller  loop  in  figure  8.  Increasing  the  voltage  to 
12  V  yielded  the  larger  loops  in  figure  8.  This  family  of  loops  was  created 
by  three  successive  cycles  of  the  instrument,  and  shows  that  the  film 
changes  characteristics  with  each  successive  cycle.  The  same  measure¬ 
ment  done  at  9  V  showed  no  such  differences.  Therefore,  it  would  appear 
that  the  film  is  degraded  when  subjected  to  higher  voltages  during 
cycling. 
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Figure  7,  RTIS  sample 
PBT-10  showing 
asymmetric  hysteresis 
loop. 


.  CHARGE  2.1  RT-66AI  7/29/1997  14:39 

Hysteresis 

Hysteresis 

uC/ch2 

X  diu  =  3.750 

Y  diu  =  3.0422 

Offset  =  7.177 

/ 

Uirtual  Ground  Hode 

/ 

•* 

'+Ps.=  .  10.218 
+Pr  =  -  ^  7.246 
-Pr  =  -7.763 

tUc  =  11.079 

-Uc  =  -6.643 

Pulse 

P»  =  6.093 

P*r  =  2.479 

P"  =  6.036 

P'r  =  1.997 

C(nF)=  4.1066 
Kef  =  209 

Resistivity 

rmrraB" 

-I  =-1.9002E-05 
R„  =  5.3158Et06 
-R  =  7.8706Et05 
Ry  =  1.1813Et09 
-Ry=  1.7490Et08 

1  1  i  1,.'  1 

/ 

/' 

Sairole:  PBT-10 

Uolts 

Yhax  =  1.5211Et01 
M  =  -1.5211E+01 
Xnax  =  1.8750E+01 
Xnin  =  -1.8750E+01 

AreatCH)  =  1  .OOE-02  Thick(u)  =  0.450  Uiwx  =  15.000  iPts  =300 

Pulse  =  2.0000 Hs  Hyst  =  331.000  hs  Resists  246.154 hs 

Cmnents: 

Table  3.  Electrical  properties  of  substituted  lead  titanates. 


Sample 

Thickness 

(Hm) 

tan  S 

P 

(nC/cm^-K) 

Figure  of  merit 
(xl05  Pa-i/^) 

Projected  NETD 
(mK) 

48.5  |im  25  (im 

PBT-10 

0.25 

140 

0.016 

19.5 

1.62 

21.7 

41.5 

PBT-20 

0.38 

no 

0.01 

14.5 

1.72 

22.3 

46.7 

PCT-10 

0.43 

89 

0.007 

14.3 

2.26 

23.4 

41.9 

PCT-30 

0.46 

80 

0.026 

16.6 

1.43 

26.9 

50.8 

PCSnT-10/10 

0.37 

79 

0.012 

23.5 

3.00 

15.0 

28.6 

PCSnT-20/10 

0.31 

103 

0.009 

26.7 

3.45 

13.8 

26.5 
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Figure  8.  Hysteresis 
loop  of  RTIS  sample 
PCT-30  showing 
effect  of  multiple 
cycles. 
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VHin  s  -6.3469Ef{10 

L  Rnax  •  1.5000E401 

Resistivity 

Imk:  reT-30  »tiii  =  -1.500flEi01 

1  =  5.i€R}7 
-1  S-3.2817E-07 

R  =  2.381GEf07 
-R  =  3.6538EC 
fti  =  S.6705Ef09 
8.6898E409 

Mck)  - 1  .OOE’02  Thick(u)  ^  0.420  Uiax  -  12.000  IFts  ^300 

Pulse  =  2.ttffl0ie  Hyst  =  331.0B)iis  Resist  =  246.154  ns 

foments: 

5.  Conclusions 

At  this  time,  we  do  not  know  what  the  complete  ramifications  of  the 
anomalies  are  for  device  performance.  However,  in  the  sensor  array,  the 
thin  film  will  be  poled  to  maximize  the  pyroelectric  current  generated, 
and  any  asymmetry  or  imprinting  in  the  hysteresis  loop  should  not 
adversely  affect  overall  array  performance.  RTIS  maintains  that  the 
consistently  high  p5n:oelectric  coefficients  measured  readily  offset  the 
unusual  behavior  observed  in  the  hysteresis  data.  Once  poled,  the  film 
essentially  will  be  maintained  at  that  particular  point  in  the  hysteresis 
loop  indefinitely. 

With  regard  to  the  dielectric  constant  (e  <  500),  the  first-year  goals  have 
been  met  or  exceeded.  However,  in  most  cases,  the  loss  tangent  is  higher 
than  the  goal  (tan  5  >  0.02),  although  some  of  the  samples  exceeded  the 
first-year  goal.  It  is  best  to  keep  in  mind  that  the  samples  tested  for  this 
report  may  not  be  wholly  representative  of  the  entire  sample  set.  It  also 
appears  that  the  electrode  system  that  RTIS  used  and  its  manner  of 
deposition  is  crucial  to  device  performance  as  well,  but  the  largest 
changes  and  anomalies  occurred  when  the  lead  was  increased  from 
10  percent  above  stoichiometry  to  20  percent. 
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RTIS  is  steadily  approaching  the  10-mK  goal,  having  achieved  13.8  mK 
for  48.5-|im  pixels,  and  26.5  mK  for  50-|xm  pixels.  With  continuing  im¬ 
provements  in  materials  and  processing,  we  are  reasonably  confident  that 
RTIS  will  reach  the  10-mK  performance  goal  at  the  end  of  the  three-year 
contract  period. 

In  the  near  future  we  will  test  these  samples  to  measure  the  pyroelectric 
coefficient  of  the  samples  supplied  by  RTIS.  This  test  will  enable  ARL  to 
independently  calculate  figures  of  merit  and  the  NETD  of  samples  pro¬ 
duced  imder  contract,  as  well  as  to  evaluate  samples  of  new  materials 
grown  in-house. 
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